Retinitis pigmentosa (RP) is a heterogeneous group of inherited retinal diseases caused by progressive degeneration of the photoreceptor cells. Using autozygosity mapping, we identified two families, each with three affected siblings sharing large overlapping homozygous regions that harbored the IMPG2 gene on chromosome 3. Sequence analysis of IMPG2 in the two index cases revealed homozygous mutations cosegregating with the disease in the respective families: three affected siblings of Iraqi Jewish ancestry displayed a nonsense mutation, and a Dutch family displayed a 1.8 kb genomic deletion that removes exon 9 and results in the absence of seven amino acids in a conserved SEA domain of the IMPG2 protein. Transient transfection of COS-1 cells showed that a construct expressing the wild-type SEA domain is properly targeted to the plasma membrane, whereas the mutant lacking the seven amino acids appears to be retained in the endoplasmic reticulum. Mutation analysis in ten additional index cases that were of Dutch, Israeli, Italian, and Pakistani origin and had homozygous regions encompassing IMPG2 revealed five additional mutations; four nonsense mutations and one missense mutation affecting a highly conserved phenylalanine residue. Most patients with IMPG2 mutations showed an early-onset form of RP with progressive visual-field loss and deterioration of visual acuity. The patient with the missense mutation, however, was diagnosed with maculopathy. The IMPG2 gene encodes the interphotoreceptor matrix proteoglycan IMPG2, which is a constituent of the interphotoreceptor matrix. Our data therefore show that mutations in a structural component of the interphotoreceptor matrix can cause arRP.
Introduction
Retinitis pigmentosa (RP) (MIM #268000), with a worldwide prevalence of about 1:4,000, 1-3 is a group of hereditary retinal degenerative diseases and is considered one of the most heterogeneous genetic diseases in humans.
The retinal phenotype in patients with RP is usually caused by progressive degeneration of the rod photoreceptor cells and the subsequent degeneration of cones. This results in night blindness followed by gradual loss of visual fields and visual acuity and often progresses to blindness by the end of the sixth decade of life. 4 The disease presents with different modes of inheritance, including autosomal-recessive (50%-60% of cases), autosomal-dominant (30%-40% of cases), and X-linked (5%-15% of cases). 5 A total of 27 genes have so far been found to cause nonsyndromic autosomal-recessive RP (arRP), and four additional loci have been identified by linkage studies (see the RetNet database). The heterogeneity of RP is characterized not only by the large number of causative genes but also by the variable mechanisms in which the encoded proteins participate; such mechanisms include the phototransduction pathway, vitamin A metabolism, and the splicing machinery. 5 During the last two decades, two main methods have been used for identifying arRP genes: the candidate gene approach, 6 in which genes are screened for mutations mostly on the basis of the known or putative function of the encoded protein, and homozygosity mapping in large consanguineous families and subsequent mutation analysis of genes in the linked interval. Using these methods, researchers identified genes encoding proteins that are localized mainly to the photoreceptors and the retinal pigment epithelium (RPE). However, less attention was drawn to the retinal extracellular matrix (ECM), also known as the interphotoreceptor matrix (IPM), which fills the space between individual photoreceptor cells and between photoreceptors and the RPE. The IPM is a viscous material composed mainly of proteins, glycoproteins, and proteoglycans 7, 8 and was considered for many years to serve as a glue between the photoreceptors and the RPE cells. 9 Data that has accumulated since then has revealed a broader IPM function, including intercellular communication, membrane turnover, regulation of neovascularization, cell survival, photoreceptor differentiation and maintenance, retinoid transport, and matrix turnover. 10, 11 In addition, the IPM is thought to be important for the precise alignment of the photoreceptor cells to the optical light path. 12 A link between an abnormal IPM function and photoreceptor degeneration was obtained by a study in which inhibition of proteoglycan synthesis (by intravitreal injection of xyloside) caused both degeneration of the outer segment of cone photoreceptors and retinal detachment. 13 Only a few genes encoding proteins that are known or speculated to be localized to the IPM had thus far been associated with a retinal disease. In the current study we performed autozygosity mapping to identify novel genes for arRP and Leber congenital amaurosis (LCA), a more severe, congenital retinal disorder. We identified six patients from two families, one Israeli and one Dutch, who had homozygous regions with an overlapping interval of 7.3 Mb on chromosome 3. This region contains the retina-specific IMPG2 gene encoding the interphotoreceptor matrix proteoglycan 2. Sequence analysis identified IMPG2 mutations in both families. Further analysis of Israeli, Palestinian, and European RP families revealed five additional mutations in IMPG2, underlining the importance of the IPM in the pathogenesis of arRP.
Subjects and Methods

Families and Genetic Analysis
The tenets of the Declaration of Helsinki were followed, and informed consent was obtained from all participating patients prior to donation of a blood sample. Blood samples for DNA analysis were obtained from affected and unaffected family members. Genomic DNA was extracted from peripheral blood samples with the FlexiGene DNA kit (QIAGEN, Germany) or by a standard salting-out procedure.
Clinical Evaluation
Complete ophthalmic examinations were performed in all patients with mutations in IMPG2 and included both electroretinography (ERG) according to ISCEV standards 20 150 mM NaCl, and 0,5% Triton X-100) and supplemented with complete protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany), and lysates were cleared by centrifugation for 10 min at 4 C and 12,500 rpm. Part of the protein lysates were incubated overnight at 37 C with PNGaseF according to the manufacturer's protocol (New England Biolabs, Hitchin, UK). PNGaseF-treated and -untreated samples were run on a NuPAGE Novex 4%-12% Bis-Tris SDS-PAGE gel (Invitrogen). Proteins were transferred onto a nitrocellulose membrane, and the IMPG2 SEA wild-type or DRSPKEND mutant proteins were analyzed with the monoclonal mouse a-GFP primary antibody (Roche Diagnostics) that also exhibits reactivity against eCFP. As a secondary antibody, goat-a-mouse coupled to IRDye800 (Rockland Immunochemicals, Gilbertsville, PA, USA) was used. Signals were recorded on a Li-Cor Odyssey 2.1 infrared scanner.
Results
Homozygosity Mapping and Mutation Detection
Whole-genome SNP analysis of 381 RP and 193 LCA patients of Israeli, Palestinian, and European origins revealed two RP families in which the affected siblings shared a large homozygous region at 3q12 (Table 1) . In these two families (MOL0764 and W01-299), the region on chromosome 3 was the only large region that was homozygous in all affected relatives. In family MOL0764, an Israeli family of Iraqi Jewish origin, the 38 Mb critical interval was flanked by rs1036051 and rs326333 ( Figure 1A ). Microsatellite analysis in the Dutch family W01-299, including parents and nonaffected siblings, revealed that this region segregated with the disease, and Families with mutations in IMPG2 are indicated in italics. The pedigrees of families MOL0764 and W01-299 are shown in Figure 1 .
a critical interval of 12.8 Mb, flanked by rs12330531 and rs2290477, was detected ( Figure 1B ). The overlapping interval of the two families spans 7.3 Mb, flanked by rs12330531 and rs326333 ( Figure 2A) . One of the 30 annotated genes in the overlapping region is the interphotoreceptor matrix proteoglycan 2 (IMPG2: MIM *607056) gene, which has previously been reported to be expressed specifically in the retina [22] [23] [24] and encodes a protein localized to the IPM. 22, 23 IMPG2 is speculated to be highly important for retinal adhesion 25 and therefore is an excellent candidate gene for retinal diseases. 26 Mutation analysis of IMPG2 in the two probands of these families revealed two different disease-causing mutations. In family MOL0764, a homozygous nonsense mutation (c.635C > G; p.Ser212X) was identified in exon 6 ( Figure 2D ; Figure S1 ) in all three affected individuals. The mutation was not identified in 47 additional RP patients of Oriental Jewish origin (mainly from Iraq, Iran and Afghanistan), nor in 98 Israeli and Palestinian RP patients from other origins. The nonsense mutation was found heterozygously in one out of 104 controls of Oriental Jewish ancestry. In family W01-299, exon 9 of IMPG2 failed to amplify in the affected individuals ( Figure 2B , upper panel), suggesting the presence of a homozygous deletion. RT-PCR analysis of IMPG2 cDNA derived from EBV-transformed lymphoblastoid cells revealed that exon 9 was absent from the mRNA in the affected individuals of family W01-299 ( Figure 2C ). Using several primer pairs located in introns 8 and 9 of IMPG2, we identified a 1850 bp genomic deletion that removes exon 9 (c.888-1554_908þ274del) ( Figure 2B , lower panel) and found that it segregated with RP ( Figure 2B ). The absence of exon 9 results in the deletion of seven amino acids (RSPKEND) from the encoded IMPG2 protein without affecting the reading frame (p.Arg296_Asp302 del; Figures 2C and 2D ). The deletion was not present in 270 Dutch control individuals or in more than 700 probands who were of European origin and had isolated or autosomal-recessive RP.
In ten additional families with retinal disease, significant IMPG2-harboring homozygous regions, ranging from 13.6 to 80.8 Mb of genomic DNA, were identified (Table 1) . Mutation analysis revealed five additional mutations in families from Israel, The Netherlands, Italy, and Pakistan; most of these mutations were associated with a diagnosis of RP (Table 1 ; Figure S1 ). In two Dutch siblings (family W08-1378), of which only the proband was genotyped on a SNP array, a homozygous nonsense mutation was identified (c.2716C>T; p.Arg906X). In two unrelated Italian RP patients from families NAP1 and NAP75, two additional homozygous nonsense mutations were identified (c.2890C>T; p.Arg964X and c.3262C>T; p.Arg1088X, respectively). In a Pakistani family (RP-49) with three affected individuals, another nonsense mutation was identified (c.1680T>A; p.Tyr560X). None of these mutations were identified in more than 100 ethnically matched control individuals, and each of them segregated with the disease in each of the families. The p.Arg906X mutation that was identified in the Dutch family W08-1378 was also present in a heterozygous state in an isolated RP patient from The Netherlands. However, no mutation on the second allele was detected by sequence analysis of all exons and intron-exon boundaries in this particular patient.
In addition, in an isolated patient who had maculopathy and was of Israeli Arab Christian origin, a homozygous nucleotide transition (c.370T>C) that is predicted to result in a missense mutation (p.Phe124Leu) ( Figure S1 ) affecting a highly conserved phenylalanine residue ( Figure 2E ) was identified.
Clinical Evaluation of Patients with IMPG2 Mutations
Complete ophthalmic examinations were performed in all patients with mutations in IMPG2. In general, affected individuals with IMPG2 mutations displayed typical symptoms and signs of RP; these included night blindness, loss of the visual field, optic-disc pallor, attenuated vessels, and bone-spicule-like pigmentations. However, some inter-and intrafamilial variability was noted. The three sisters of family MOL0764 were diagnosed with RP and myopia at childhood and in their sixth decade had advanced RP with very low visual acuity (ranging from only the ability to count fingers to only the ability to perceive light), atrophic macular changes, All relatives and their position in the pedigree are indicated above the electropherogram. Lower panel: after identification of the breakpoints of the genomic deletion, PCR primers were designed to amplify a product if the deletion is present. This breakpoint PCR shows a product in all three affected individuals and in the heterozygous carriers, i.e., both parents (I:1 and I:2) and one unaffected brother (II:3). (C) Sequence analysis of IMPG2 mRNA derived from EBV-transformed cultured lymphoblasts of individual II:1 and of an unrelated control. RT-PCR and subsequent analysis shows that, because of the genomic deletion, exon 9 of IMPG2 is absent in the mutant IMPG2 mRNA. At the protein level, this is predicted to result in the absence of seven amino acids, i.e., RSPKEND. (D) Graphical representation of the IMPG2 protein. Shown are the signal peptide, two SEA domains and two EGF-like domains in the large extracellular N-terminal part of the protein, and a transmembrane-spanning region. The positions of asparagine and threonine residues that are predicted to undergo N-or O-linked glycosylation, respectively, as well as the serine residues that might serve as core residues for the attachment of glycosaminoglycan side chains, are indicated with symbols described in the figure. The positions of the mutations identified in this study are indicated with arrows. (E) Evolutionary conservation of the mutated phenylalanine residue and surrounding amino acids. Shown are partial protein sequences of human, mouse, bovine, and chicken IMPG2 and IMPG1 proteins. Amino acids that are identical in all proteins are presented in white on a black background, whereas partially conserved residues are shown in black on a gray background. and severely constricted visual fields ( Table 2 , Figures 3A  and 3B) . In all three patients, full-field ERG responses were extinguished. The three affected siblings of family W01-299 were diagnosed with RP before the age of 15. Visual acuity varied from 20/125 to 20/32 at the time of presentation. The ERG responses in two of the siblings showed a rod-cone pattern and deteriorated over time. Posterior subcapsular cataracts led to cataract extraction in all three patients around the age of 30. All three featured a bull's-eye maculopathy ( Figure 3C ). The two affected siblings of family W08-1378 presented with early-onset night blindness and diminished color vision and were diagnosed with rod-cone dystrophy in their teens. At age 30, they both displayed moderate myopia, a waxy pallor of the optic disc, narrow vessels, some bone spicules in the periphery (Figures 3D-3G) , and an undetectable ERG response ( Table 2 ). The proband had a relatively intact macula with a visual acuity of 20/80 in both eyes and only loss of sensitivity in the central visual field. His younger brother, however, had patches of RPE atrophy in the macula (Figures 3F and 3G ) and a visual acuity of 20/80 (right eye) and only enough visual acuity to count fingers (left eye), and visual-field testing showed a central scotoma in both eyes. The patient of family NAP1 was diagnosed with RP at the age of 30. Her clinical presentation in the late sixth decade of life showed advanced RP with atrophic macular changes, very low visual acuity, exotropia in the right eye, nystagmus, and posterior subcapsular cataracts, and her ERG was extinguished ( Table 2 ). The patient of family NAP75 was diagnosed with RP during childhood, and in the sixth decade of life she had advanced RP with low visual acuity and atrophic macular changes. Her full-field ERG was extinguished, and the retinal degeneration was accompanied by posterior subcapsular cataracts that led to cataract extraction ( Figure 3H , Table 2 ). In contrast to the patients with RP due to null mutations, patient MOL0732, with a homozygous missense mutation, was diagnosed with mild maculopathy at the age of 63. Her full-field ERG was within normal limits, her color vision was normal, and her best corrected visual acuity was 20/40 and 20/50 (Table 2) . Fundus examination revealed a mild maculopathy ( Figures  S2A and S2B) , and OCT analysis revealed elevation of the photoreceptor layer in the foveal region ( Figures S2C and  S2D ). Visual-field testing revealed a relative central scotoma in the right eye, whereas in the left eye, the visual field was within normal limits.
Functional Analysis of the DRSPKEND Mutation
To assess the consequences of the DRSPKEND mutation on the function of IMPG2, we analyzed the effect of the mutation on its glycosylation and protein trafficking. Using bioinformatic prediction programs for N-and mucin-type-Olinked glycosylation, we predicted that five asparagine residues (Asn154, Asn301, Asn320, Asn370, and Asn942) as well as four threonine residues (Thr190, Thr192, Thr544, and Thr556) would undergo N-and O-linked glycosylation, respectively ( Figure 2D ). In addition, two conserved serine residues have been found to serve as the core residues to which glycosaminoglycan side chains are attached ( Figure 2D) . 23 The seven amino acids deleted in the DRSPKEND mutant protein are located in the first SEA domain, which contains two predicted sites for the N-linked glycosylation of IMPG2. To determine whether the DRSPKEND mutant protein shows an impaired glycosylation, we subcloned the cDNA encoding the first SEA domain of IMPG2 into the pSeqTag vector both for the wild-type sequence and the DRSPKEND mutant. COS-1 cells were transiently transfected with the wild-type or the mutant construct, and 24 hr after transfection, cells were lysed and proteins were extracted. Part of the protein lysates were treated with PNGaseF, which removes N-linked carbohydrates, and subsequently subjected to SDS-PAGE. Immunoblot analysis showed no difference in migration of the proteins between PNGaseF-treated and -untreated lysates for either the wild-type or the DRSPKEND mutant IMPG2 protein (data not shown). These results indicate that the two asparagine residues that are predicted to undergo N-linked glycosylation are not glycosylated in COS-1 cells.
To determine whether the fusion proteins are properly targeted into the secretory pathway, we seeded COS-1 cells onto glass coverslips and transfected them with the same constructs. Fluorescence microscopy analysis showed that the fusion protein containing the wild-type IMPG2 SEA domain is present in vesicle-like structures in the endoplasmic reticulum (ER) and throughout the cytoplasm and is able to reach the cellular membrane ( Figures  4A-4C) . Intriguingly, the DRSPKEND mutant SEA domain appears to be trapped in the ER, which is observed as an accumulation of fluorescent protein adjacent to the nucleus, partially co-localizing with the ER-marker protein disulfide-isomerase (PDI) (Figure 4D-4F ).
Discussion
In this study, seven different mutations in IMPG2 were identified in seven families of various ethnic origins. IMPG2 encodes the retinal interphotoreceptor matrix proteoglycan IMPG2 (also known as IPM200 or SPACRCAN), that consists of 1,241 amino acids with a calculated molecular weight of 138.5 kDa. 22, 24 The IMPG2 protein is highly similar to IMPG1 (also known as SPACR) and is predicted to contain a signal peptide, two SEA domains, and two EGF-like domains in the large extracellular N-terminal part of the protein, a putative transmembrane domain, and a cytoplasmic tail. 22, 23 IMPG2 is synthesized by the photoreceptor cells and is secreted into the IPM. Both IMPG1 and IMPG2 have been shown to bind to hyaluronan, a glycosaminoglycan molecule that is essential for the organization of the IPM, and the sites for hyaluronan binding have been mapped in the mouse Impg2 protein. 25, 27 Five of the seven mutations found in this study introduce premature stop codons that will either result in nonsense-mediated degradation of the IMPG2 mRNA or produce truncated IMPG2 proteins that would all lack the transmembrane domain and the cytoplasmic tail ( Figure 2D ). As such, these mutations can be considered true loss-of-function alleles. The two other mutations (c.888-1554_908þ274del and c.370T>C), however, do not truncate the IMPG2 protein but only slightly alter the amino acid composition. The genomic deletion detected in the Dutch family (W01-299) results in the absence of exon 9 in the mutant IMPG2 mRNA but does not disrupt the reading frame. At the protein level, seven amino acids (RSPKEND) are absent. These amino acids are located in the first SEA domain (named because of homology to domains present in sperm protein, enterokinase, and agrin), which contains two predicted sites for the N-linked glycosylation of IMPG2; one of these sites is located within the deleted peptide sequence ( Figure 2D ). In addition, the 7 amino acid peptide sequence precedes a serine-glycine motif, of which the serine residue might be the core residue to which glycosaminoglycan side chains are attached. 28 The SEA domains are frequently found in heavily glycosylated environments, and their proposed function is to regulate or assist binding to neighboring carbohydrate moieties. The first predicted SEA domain of IMPG2 resides within a predicted mucin-like sequence that is thought to play a role in the proper glycosylation of the protein. Subcellular localization assays showed that the DRSPKEND mutant protein is trapped in the ER, whereas the wild-type protein is targeted to the plasma membrane, suggesting that the absence of the seven amino acids impairs proper targeting of the IMPG2 protein to the cell membrane and as such might affect normal IMPG2 function in the IPM. The missense mutation that was detected in the patient with maculopathy substitutes a leucine residue for a phenylalanine residue (p.Phe124Leu). This phenylalanine residue is highly conserved, not only in orthologous IMPG2 proteins but even in the sequence of the homologous IMPG1 proteins ( Figure 2E ). Phenylalanine residues have a large and bulky side chain that contains an aromatic ring, whereas leucine residues are somewhat smaller. The phenylalanine at position 124 is not located in one of the domains that are predicted to be glycosylated or to be involved in hyaluronan binding. However, given the high conservation of this residue in IMPG1 and IMPG2 proteins, in addition to the absence of this allele in ethnically matched control individuals, our data indicate that this amino acid substitution might be causative for maculopathy in the patient from family MOL0732. As such, this clinical case suggests that missense mutations in IMPG2 might cause a less severe phenotype than nonsense mutations. The association between IMPG2 missense mutations and maculopathy, as well as the mechanism underlying this possible genotype-phenotype correlation, requires further examination.
In a previous report, the IMPG2 gene has been analyzed for mutations in 224 patients with various retinal diseases (mainly age-related macular degeneration, RP, and LCA), but no mutations were identified. 26 Analysis of the homologous IMPG1 gene did not reveal mutations in patients with autosomal-dominant Stargardt-like macular dystrophy, progressive bifocal chorioretinal atrophy, and North Carolina macular dystrophy. 29 A study involving a Dutch family with autosomal-dominant benign concentric annular macular dystrophy that linked to the IMPG1 locus identified a missense variant (p.Leu579Pro) that affects a residue that is highly conserved among IMPG1 and IMPG2 orthologs of various species and is suggested to be the causal mutation. 30 Although the exact role of IMPG2 within the IPM is unknown, absence or impaired function of this protein probably affects the structure or function of the IPM and consequently might affect the visual processes in the photoreceptor cells. The identification of IMPG2 mutations in arRP in this report underscores the importance of the retinal ECM for maintaining retinal structure and function.
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